Parametric cost models are routinely used to plan missions, compare concepts and justify technology investments. However, great care is required. Some space telescope cost models, such as those based only on mass, lack sufficient detail to support such analysis and may lead to inaccurate conclusions. Similarly, using ground based telescope models which include the dome cost will also lead to inaccurate conclusions. This paper reviews current and historical models. Then, based on data from 22 different NASA space telescopes, this paper tests those models and presents preliminary analysis of single-and multi-variable space telescope cost models.
INTRODUCTION
Multivariable parametric cost models for space telescopes have several uses. They identify major architectural cost drivers and allow high-level design trades. They enable cost-benefit analysis for technology development investment. And, they provide a basis for estimating total project cost. Cost models for ground based telescopes have been published since the 1960s. But, until recently, there was an insufficient data base to generate cost models for space telescopes. This lack of data has resulted in unfounded extrapolation of ground telescope models to space telescopes and creation of 'rule of thumb' scaling laws. In the mid 1990s, after the launch of the Hubble Space Telescope, Horak, et. al. developed a detailed parametric cost model for space telescopes based on 17 DoD and NASA missions. [1 -3] In the last 15 years several more space telescopes have been developed and launched (including Kepler and Spitzer) or are under development with relatively mature cost knowledge (i.e. JWST). Therefore, now there is a sufficiently detailed cost data base to study cost estimating relationships (CER) for space telescopes. This paper presents a parametric space telescope cost model developed using statistical methods with data collected from 22 different NASA space telescope missions. The study examines single-and multi-variable cost estimating relationship (CER) models and identifies cross-dependencies between CERs.
HISTORICAL COST MODELS

Ground Telescope Cost Models
Ground telescope cost models have historically focused on primary mirror diameter as the principle cost driver. A detailed discussion of ground cost models can be found in Stahl, 2005 . [4] Starting in the 1960s, models scaled cost as a function of primary mirror diameter raised to the power of 3.0. Since that time, many different scaling laws have been proposed by different and, in some cases, even the same author. In his 1979 paper Meinel [5] found a "scaling law exponent close to the 2.0 power, in contrast to the often cited 2.7 exponent." However, in later papers [6, 7] he reported scaling laws ranging from 2.5 to 2.75. Of all these laws, the one which seems to have gained the most acceptance is the 2.7 factor. In 2000, Bely indicated that a scaling law of 2.7 is considered the standard for ground-based observatories [8] and in 2002 Stepp stated that the consensus traditional scaling law appears to be 2.7. [9] While these laws are technically correct, they should not be extended to space telescopes because they all include the ground observatory building and/or dome (the cost of the dome is driven by the volume of the telescope which is proportional to D raised to the 3 rd power). And, space telescopes do not have domes. Therefore, any use of a 2.7 scaling law for space telescopes will result in unfounded conclusions. Meinel actually made the dome distinction in his 1979 paper but then failed to repeat it in his later papers. The segmentation factor estimates the cost reduction that can be gained by incorporating replication and serial processing learning into the fabrication of large telescopes. However, please note that this cost efficiency is not fully obtained if multiple parallel manufacturing lines are used. SF = P n R n 0.7 (Ds/D) 1.8 if the primary mirror is segmented and = 1 if the primary mirror is monolithic Ds = Segment Diameter P n = Number of Unique Segment Prescriptions R n = Number of Repeated Segments
It was hoped that the cost relationships for ground optical telescope assemblies without their domes would be indicative of space telescope assemblies. But, as the analysis of this paper indicates, that hope is not substantiated.
Space Telescope Cost Models
Parametric cost models for space telescopes have not been discussed as much as ground. Partly because of the lack of an extensive data base, i.e. there are not as many space telescopes, and partly because cost information for space telescopes is difficult to obtain either for proprietary or national security reasons. But, there have been some published models.
Meinel Models
In 1986, Meinel and Meinel asserted that "Space telescopes are intrinsically 2 orders of magnitude more expensive for a given aperture than are terrestrial ones and are likely to remain at least 1 order of magnitude more expensive." [10] However, it does not appear that such cost reduction has occurred. 10 years later in 1997, Schmidt-Kaler and Rucks assert that space telescopes are still more expensive than ground telescopes by a factor of almost 100. [11] These assertions would imply that space telescope costs scale with aperture diameter to either the 2.0 or 2.7 power.
The Meinels revisited the subject of cost models for space telescopes in 2004 with lead author Bellea. [12] At one point in the paper they assert that "no general inference can be drawn from the relationship between telescope cost and aperture size … telescope size is independent of cost. Instead, our assessment is that the predominant phenomenon at play is rapid technological development." But, later in the paper and in the conclusion they assert that it is their expectation that the scaling law for space-based telescopes is close to D 2.0
. They make this argument based upon a scaling of the structure necessary to maintain optical surface figure in a zero-gravity environment and the scaling of structure necessary to protect a space telescope from space weather.
Bely Models
In 2000, Bely asserted that from his experience with "mostly classified systems cost data", that the scaling law for space telescopes based on primary mirror diameter is "on the order of 1.8 th power." [13] In his 2003 book, Bely justified this assertion based on the argument that space telescopes do not have a dome or large structure which scales with volume and that the cost to design and test a telescope is larger for a space than a ground telescope. [14] But most importantly, Bely provided an equation with a citation: "For space telescopes, one model developed by Technomics [6] , based for the most part on military and surveillance missions, is of the form:"
Where D is diameter, the M f and D f terms are material and design factors, T is temperature and Y is year. These are all directly traceable to the Technomics citation provided by Bely -which is identical to this paper's reference [1] Horak et al, 1993 . The Horak cost model will be summarized later in this paper and thus will not be discussed here. However, the cost relationship reported by Bely is not the same as reported by Horak. There are three specific differences. 
Mass Models
In the space industry, mass has been found to be a key cost driver. 
PRC Cost Models
Planning Research Corporation (PRC) has generated several telescope cost models. In 1985, PRC published a model which predicts cost of telescopes for unmanned and manned spacecraft [16] . The paper reports two cost estimating relationships: Telescope Design and Development and Telescope Flight Hardware. These "represent the cost of second unit following the manufacture and assembly of a prototype article. System level costs are included (for example: Systems Test Hardware (prototype); Systems Test Operations, GSE, Systems Engineering and Integration and Program Management)." PRC studied the parameters of weight, volume, primary mirror diameter, and minimum temperature. The PRC diameter only CER reported below estimates 58% of total space telescope D&D and Flight cost: 
Horak Cost Models
Of all the historical models, the Horak model is the most detailed and best documented. The complete model was published via two reports in 1993 [1] and 1994 [2] . An updated model was published in 1996 [3] . The purpose of the model was to estimate the total cost of IR sensor payloads operating in geosynchronous and non-geosynchronous orbits or on aircrafts. The database consisted of strategic and experimental IR sensor programs ( Table 1 ). The cost methodology developed consisted of 7 cost estimating relationships (CERs) that estimate the costs of IR sensor assemblies (i.e. Optical Telescope Assembly/Structure, focal plane arrays, etc.). The study also developed a CER for integration, assembly and calibration of the subsystems into a complete system. The 1993 study developed CERs to estimate the manufacturing cost of the first flight unit of 7 IR sensor subsystems including the optical telescope assembly/structure. If a qualification unit was developed, its cost was considered as nonrecurring and was included in the developing engineering costs. The manufacturing cost included fabrication, assembly, inspection and test of the hardware subsystem and did not include any program level costs (e.g. system engineering, program management, etc.). Cost of money, G&A and fee for the subsystem component are included. The OTA subsystem includes the telescope optics, mounting hardware, and optical bench support structure. It also included baffles, shroud, and any structure associated with housing the telescope, cryostat and shroud. Figure 2 shows the CER and its statistics for the OTA subsystem. With a regression R 2 =97.8%, the study found that the CER explains 97.8% of the cost variation of the 16 telescopes in the study.
The 1993 study also developed a CER for the labor and material costs associated with integrating and assembling the subsystem hardware into the complete system. With a regression R 2 =96.6%, the study found that:
Integration and Assembly Cost = 27% x Total Subsystem Hardware Costs
The 1994 report developed CERs to estimate the non-recurring development engineering costs for the Demonstrate and Validation (D&V) and the Engineering Manufacturing Development (EMD) phases of a program. With a regression R 2 =97.8%, the study found that: The breadboard or engineering unit was found to cost 68% of the manufacturing cost of the first fight unit and the qualification unit was found to cost 106% of the manufacturing cost of the first flight unit. In 1996, Horak published a set of charts with a cost model for Optical Telescope Assembly [3] which combined design, programmatic, and manufacturing costs ( Figure 3) . Unfortunately, there is no commentary discussion in the report. 
METHODS
Database Collection
For the current study, cost and parametric data has been acquired for 29 NASA, ESA, and commercial space telescopes (Table 2) . Data was acquired from the NAFCOM (NASA/ Air Force Cost Model) database, RSIC (Redstone Scientific Information Center) and REDSTAR (Resource Data Storage and Retrieval System) Libraries, project websites, and interviews with project engineers, managers and principal investigators. While not a traditional space telescope, TDRS system data was deliberately added to the study in an effort to obtain wavelength diversity. 
Variables Studied
Data has been accumulated on 59 different variables for the above programs. Of these, 18 variables were selected for study. Table 3 
Statistical Methods
For this paper, the data set is limited to normal incidence UV/visible and IR telescopes. Cost data is analyzed via the statistical parametric method of single and multiple variable regressions. The purpose of this analysis is to model past trends, construct cost estimating relationships (CERs), and predict the cost of future telescopes. Once the data is verified, it is studied for initial relationships between the trade variables. Figure 4 shows the cross-correlation matrix. This is an important step for isolating key CERs for the cost model, for identifying linkages between CERs, and for verifying that correlations and their 'signs' are consistent with engineering judgment. 
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Figure 4 Pearson's Cross-Correlation Matrix for the Variables
For example, CERs with the most significant statistical correlation to OTA cost are primary mirror diameter (83%) and OTA mass (69%). Another function of the correlation matrix is to identify CERs which are connected via engineering principles or programmatic logic or even just current practice. For example, there is a strong statistical correlation which can be explained by sound engineering principles between diffraction limited wavelength and operating temperature. Similarly, there are solid engineering principles to explain the correlation between OTA mass and primary mirror diameter and focal length. However, care must be taken when considering two independent variables that are strongly correlated with one another. This can lead to the well-known problem of multi-collinearity, such as coefficients with non intuitive or "wrong" signs. There are several methods for dealing with this issue, including only incorporating one of the correlated variables, or combining similar variables via a collector variable. An example of highly correlated variables is total mass and OTA mass. An example of a collector variable is volume.
Based on experience and theory, cost is modeled by a power model. Once a model is generated, it is diagnosed, refined and assessed. Models are tested for 'goodness' via a range of statistical methods, but two are most useful Pearson's R 2 and p-value. Pearson's R 2 coefficient describes the percentage of variation in the actual cost that is explained by the model. Pearson's R 2 is a linear space version of the more familiar log-log R 2 (used for single variable models) or adjusted-R 2 (used for multi-variable models) 'coefficient of linear determination' produced by log-transformed ordinary least-squares regression. Pearson's R 2 is used instead of log-log R 2 because it reports the percentage of variation in actual cost rather than log-cost. In all cases, the closer R 2 is to 1.0, the better the model. While doing multi-variable regressions, the Student's T test generates p-values for each variable. The p-value is the probability that a better model exists. If a p-value for a given variable is small, then removing it from the model would cause a large change to the model. If the p-value for a given variable is large, then it has negligible effect on the model.
COST MODELS
OTA Cost versus Total Cost
A fundamental question is whether to model OTA cost or total cost. Engineering judgment says that OTA cost is most closely related to OTA engineering parameters. But, managers and mission planners are really more interested in total Phase A-D cost. For this study, total cost is defined as all mission costs excluding launch, mission operations and data analysis. Analysis of the 22 missions in the data base indicates that there is a linear relationship between OTA cost and total cost ( Figure 5 ). OTA cost is ~15% of Phase A-D total cost (R 2 = 85%). From the graph, it is clear that HST and JWST are strong influences on this relationship. If the analysis is repeated without JWST, then OTA cost is 18.5% of total cost (R 2 = 91%). Without JWST, the standard deviation of the model residual is approximately $340M. With JWST, the standard deviation is ~$600M.
As a cross check, the Work Breakdown Structure (WBS) cost elements of 8 missions were analyzed: GALEX, HEAO-2, HST, IRAS, IUE, JWST, Kepler and Spitzer. A common WBS was defined for all 8 missions. The percentage of each WBS element as a function of total cost was calculated and then averaged to produce a generic WBS cost allocation. This analysis indicates that the OTA cost is approximately 30% of the total mission cost.
The 15% to 30% scale factor is consistent with both the PRC and Horak models. If one defines total payload cost as the sum of design and development and flight unit manufacturing cost, the PRC model predicts that the cost of the flight unit is 20% to 25% of the total cost. And, if one assumes that the flight unit quantity is one (which is often the case for NASA telescopes) and that there is both an engineering and qualification unit, then the flight unit cost is 33% of the total design cost and 25% of the total mission cost.
For the purpose of this paper, we will confine ourselves to deriving cost estimating relationships for OTA Cost. However, this convenience does miss some variables, such as average power and design life, which have a high correlation with total cost and a small correlation with OTA cost. These variables influence spacecraft and instrument costs with a minimal impact on OTA cost.
Single Variable Cost Models
OTA Cost Estimating Relationships were examined for aperture diameter, mass, primary mirror focal length, F/#, average power, data rate, design life and wavelength. But of these, only aperture diameter and mass resulted in CERs which could statistically explain more than 70% of the cost variation. Variables such as focal length, power, wavelength, operating temperature and design life will be considered as secondary variables in a multi-variable analysis. , diameter alone is not a good predictor of OTA cost. But, this is because we included both HST and JWST. In Figure 7 , one can see that HST and JWST costs lie significantly on either side of the fit line. Without JWST the CER is:
OTA Cost ~ Aperture Diameter 1.32 (N = 15; R 2 = 84%) without JWST Of all the historical cost models, this result is closest to the 2000 Smart Model. And, it is clearly different from any model which suggests that space telescope costs scale with aperture to the power of 1.6X to 2.8X.
Finally, it is interesting to note that areal cost (cost/m 2 ) of collecting aperture actually decreases for increasing diameter. Larger telescopes provide a higher return on investment as well as better science.
Cost as a Function of Mass
While for astrophysicists, telescope aperture diameter is the single most important parameter because it drives system level observatory performance, for engineers and mission planners, mass (and volume) is of equal if not greater importance. Total system mass determines what vehicle can or cannot be used to launch the payload. Significant engineering costs are expended to keep a given payload inside of its allocated mass budget. Space telescopes could be described as being designed to mass.
While developing the mass CER, an obvious cost versus mass relationship was identified. It costs more to make a light weight telescope than it costs to make a heavy telescope. In the 22 mission data set there are 18 free flying telescopes and 4 that are attached (3 to the Space Shuttle and SOFIA to a 747). As shown in Figure 8 , the 4 'attached' missions cost approximately 60% less than the free flying missions and have a mass that is approximately 10X larger. This is because they have significantly different design rules. Obviously attached missions have a different total cost than the free fliers, because the Shuttle or 747 replaces the spacecraft costs, but the OTA cost comparison should be valid. To first order, one could state that OTA mass is a good predictor of OTA cost. But, as discussed above, attached OTAs which are an order of magnitude more massive than free flying OTAs are 60% less expensive. Therefore, maybe mass is not a true driver for cost but rather an indicator of the true driver. We will explore this further in the next section.
Finally, while it is probably obvious, there is a very good correlation (with a statistical confidence of 90%) between total mass and OTA mass. Total mass is approximately 2.15X that of the OTA mass.
Contemplation on Mass
While it is true that mass makes a good single variable CER, it is not an independent variable. Mass is actually a dependent variable. It is a surrogate for other parameters which are driven by science requirements. For example, the larger the telescope aperture, the larger the telescope mass. Reviewing the correlation matrix shown in Figure 4 , OTA mass is highly correlated with primary mirror diameter, primary mirror focal length and a volume collecting variable. This is consistent with engineering judgment which indicates that the bigger a telescope's volume, the larger should be its mass. It has a weaker correlation with pointing accuracy and average power. Engineering judgment might also support pointing accuracy, such that the more precisely a telescope must point, the stiffer the telescope structure must be and thus, the more mass the telescope must have. And, one could argue that a mission which requires more power has on average more instruments and systems than a mission which does not required very much power. Total mass has similar correlations except that design life is more strongly correlated than either pointing accuracy or average power.
The statistical significance of these relationships was examined for the free flier missions by performing multi-variable regressions between mass and these variables in an attempt to develop a Mass Estimating Relationship (MER) ( Table 4) . The result is that while diameter, focal length, volume and pointing are correlated with mass, they do not produce a good statistical estimating relationship for mass. Furthermore, when considering p-value, only diameter and volume are close to zero. Therefore, only diameter and volume are valid parameters for estimating mass. Focal length and pointing both have high p-values. Reconsidering the engineering aspects, this is logical. Pointing accuracy is not an independent variable: for imaging applications, the larger the telescope aperture diameter, the smaller the required pointing accuracy. Therefore, pointing accuracy is not a valid MER. A similar argument must be made for primary mirror focal length. While it seems obvious that the longer the focal length, the larger the volume and hence the greater the mass, in reality, most of that volume is empty space and to within a factor or two, most space telescopes all have about the same primary mirror F/# (N = 14 with Range from F/1.2 to F/3.8), therefore, the focal length is not independent. Primary mirror focal length is actually a dependent variable of the primary mirror diameter. Looking again at volume, it is also highly dependent upon diameter. Therefore, it will be necessary to consider this analysis to look for other mass estimating relationships.
Multi-Variable Cost Models
From both an engineering and a science perspective, aperture diameter is the best parameter upon which to build a space telescope cost model. Aperture defines the observatory's science performance. And, aperture determines the payload's size and mass. But, diameter by itself (section 4.2.1) (excluding JWST because it is still in process and not complete) only explains 84% of the cost variation. Therefore, other factors must influence cost.
Multi-variable regressions will be performed to study different variables. An initial good result is: Launch year is problematic, because launches can be delayed for no fault of the project. A better date might be Start of Development.
CONCLUSION
A study has begun to develop a multivariable parametric cost model for space telescopes. Cost models have several uses. They identify major architectural cost drivers and allow high-level design trades. They enable cost-benefit analysis for technology development investment. And, they provide a basis for estimating total project cost. Cost and engineering parametric data has been collected on 22 different NASA space telescopes. Statistical correlations have been developed between 18 variables of 59 variables sampled. Two single variable cost estimating relationships were developed: one for primary mirror diameter and one for mass. Also, a multivariable CER was developed for diameter and launch year. While some of the results are consistent with historical models, the diameter findings invalidate long held 'intuitions.'
